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Sub-Doppler Frequency Measurements on OCS at 87 THz (3.4 um)
with the CO Overtone Laser
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Sub-Doppler frequency measurements have been made on three transitions of OCS in the 87-
THz region (near 2900 cm™"). The CO overtone laser was used as the saturating laser. Polarization
spectroscopic techniques utilizing optical heterodyne detection were used to observe the features
and subsequently provide the discriminant for locking the overtone laser to the OCS transitions.
A CO; laser synthesizer was used to measure the frequency of the CO overtone laser and thereby
measure the frequencies of the OCS lines. The resulting frequencies of the three new measurements
are: 10°1-00°0 P(27), 87 117 278.496(50) MHz; 11'/1-01'/0 R(14), 87 222 001.143(70) MHz
for OCS: and for the OC*'S 10°1-00% P(9), 87 010 586.667(75) MHz, where the numbers in
parentheses are the uncertainties in the last digits. These new numbers have been fitted along
with more than 5700 other data points in our OCS data bank and improved constants have been
obtained. These latest constants are used to calculate updated calibration tables containing values
with much smaller uncertainties; three such tables are included. © 1994 Academic Press, Inc.

INTRODUCTION

The wide acceptance of the tunable diode laser (TDL) by the spectroscopic com-
munity in the late 1970s pointed to the need for frequency calibration standards to
achieve the full potential of these devices. Since 1979, we have been involved in a
major effort to provide frequency/wavenumber calibration standards based on het-
erodyne frequency measurements (1, 2).

Our heterodyne frequency measurement activity came to a temporary halt when
we reached the 61.76-THz (2060-cmm ') region, the upper limit of our Av = 1 CO
laser (3). Some measurements at slightly higher frequencies were possible based on a
doubling of the CQO, laser (4). It was the development of the DC discharge overtone
CO laser at the Institut fiir Angewandte Physik (IAP) in Bonn [W. Urban and co-
workers (5)] that made further progress possible. The most recent reports (6, 7) suggest
the potential usefulness of this laser with over 330 transitions observed in the 2.6 to
4.1 um region. A long standing NIST-IAP collaboration was renewed in Bonn, where
TDL-based heterodyne measurements were made on some OCS features in the 117¢1—
01'“0and 11" 1-01'0 bands at 87 THz (3.4 um) (8). Between 1979 and 1990, our
measurements were all Doppler-limited with the exception of some measurements on
CO (9) and N,O (10). In a separate effort, Fayt et al. (11) have made sub-Doppler
measurements on those OCS transitions that are near the 9-um CO; laser transitions.

These mostly Doppler-limited frequency measurements formed the foundation for
the publication of a calibration atlas (2} which spans much of the region from 486 to
3120 cm™' plus another smalil region (4071-4352 cm™"). The atlas has a spectral map
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and facing table format which we intend to update from time to time. Since a deliberate
effort was made to keep the atlas at a manageable length, about three-quarters of the
possible frequency entries were not included. The diskette in NIST Standard Reference
Database 39 includes these omitted values (/2). These calibration data will also be
available next year in the over the world wide electronic network.

In order to further improve the atlas, more accurate frequency measurements are
required. Consequently, we have begun sub-Doppler frequency measurements at 3.4
um. Our initial emphasis was on OCS, and we hope to include N,O later. Our colleagues
in Bonn have also made sub-Doppler frequency measurements on OCS near 5 um
(13). Both this paper and Ref. (/4) describe our first OCS sub-Doppler experiments
and results at NIST.

SUB-DOPPLER EXPERIMENTS WITH THE CO OVERTONE LASER

Two different experimental approaches were investigated in order to find the tech-
nique that is best suited to making measurements of OCS transitions near 3.4 um.
The first involved a normal saturated-absorption technique (/5-23), which is much
simpler to use and is potentially more accurate for frequency measurements (/7)
(provided that the transition moment of the molecule is sufficiently large ). The second
technique used polarization-selective optical saturation techniques (24-35) and pro-
duced a much better signal-to-noise ratio (SNR ). However, it was considerably more
cumbersome. For clarity concerning sub-Doppler spectroscopy and frequency mea-
surements at 3 um with a CO overtone laser, we discuss elsewhere ( /4) both types of
experiments showing the advantages, limitations, and additional details of each. Be-
cause of the weak transition moment involved and some technical problems in ob-
taining a clean modulation signal for third-derivative detection (21, 22), the saturated-
absorption technique was shelved for the time being.

In our NIST laboratory, we have developed a CO overtone laser similar to the one
developed in Bonn (5). Our 1.87-m-long laser has a 450 line/mm grating and a 10
m radius output coupler. The LN,-cooled gain section is about 1.09 m long, and the
bore i.d. is 12 mm. The operating partial pressures of the He, N,, air, and CO are
essentially the same as the Bonn papers indicate. (We can attest to the wisdom of
using an aluminum storage cylinder for the CO to avoid problems (6, 7) arising from
Fe(CO)s in older iron cylinders.) The Bonn versions employ coupling from the laser
utilizing the zero-order output of the grating. We chose to take the output from a
dielectric coated ZnSe coupler. This compensated coupler (the second surface of the
coupler is curved ) minimizes the spreading of the output beam. In an effort to minimize
the laser linewidth, we have inserted convection barriers to enclose the air path between
the resonator optical elements and the Brewster windows of the gain tube. We have
also inserted a surge reservoir between the mixing valves and the gas inlet to the laser
tube to reduce pressure fluctuations caused by the flow meters.

CONSIDERATIONS OF OPTICAL HETERODYNE POLARIZATION SPECTROSCOPY

The polarization spectroscopy method was invented by Wieman and Héinsch (24)
in 1976 for making sub-Doppler measurements. Since then, this versatile method has
been used not only for several laser spectroscopic measurements, but also for laser
stabilization (25-33, 35). The principle of operation is that a strong pump beam
introduces an anisotropy in a sample; that is, the sample becomes dichroic and bire-
fringent if the pump frequency is near a molecular resonance. A weak probe beam at
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the same frequency will suffer a change in its polarization if it interacts with the same
molecules as the pump beam. By use of an appropriate selection method, we can
observe this change in polarization at the low power levels necessary to avoid saturating
the detector. The possible variations concerning the polarization of the pump and
probe and the offset angle of the analyzer from a predetermined orientation produce
different signal shapes and intensities for molecular Q, R, and P transitions (24-30).

Because of the problems with the saturated absorption technique, we selected the
optical heterodyne polarization spectroscopy technique ( 20, 24, 30). Its physical prin-
ciple is extensively explained in (3/). The main advantage of this technique is that a
weak signal can be considerably enhanced by heterodyning the signal wave (amplitude
E;) with a much stronger local oscillator wave (amplitude Ej), as long as £, (which
can also contribute noise) is selected appropriately. To use this technique, we apply
an intensity modulation to the pump beam and detect the modulation transfer to the
probe beam. The result is a low-noise dispersion-shaped signal which can be symmetric
about the molecular transition. The J-dependence of similar dispersion signals is cal-
culated in Refs. (20, 24, 27, 30).

Since both birefringence and dichroism can contribute to the signal here, the most
difficult problem is to obtain a line shape that is symmetric about the true line center
(24, 32, 33). The local oscillator wave E, can be obtained most conveniently from
the probe beam itself by slightly uncrossing the analyzer with respect to the polarizer
by an angle ¢. An improper choice of ¢ may be accompanied by asymmetries in the
dispersion signal.

Excluding noise sources originating from the environment between the laser and
detector for a moment, the SNR for this type of experiment increases as | /VTE, where
£ is the extinction ratio of the analyzer (20, 24). This is limited by the laser power
noise v P, (where P, is the laser output power) and the detector noise D,. One can
show (14, 34) that for yPy¢ <€ D,,

SNR,.., = const. \/—E . (1)
! vDx
A small extinction ratio of the analyzer is essential for a good signal-to-noise ratio. In
the visible spectral region, extinction ratios of 107 are often cited (24, 35). Our
Rochon-type analyzer had a theoretical extinction ratio of £ = 107° (36). In practice
it is not quite that good, depending on the optical beam path through the crystal. By
using a two-stage analyzer, we have improved the extinction ratio considerably.
By using the Jones formalism (37) we have calculated the contributions to the
detector response /4, and find, by using linear approximations,

L = Ce ™0V E3 88 — £167 — EBye” + €2 — ekolb; + ¢7 + ¢1koAb,
- EAKk(]L + ¢|Ank()L + %[kSAnLAbr + /\'(Z)AALAb,]
+ H(koAnL)? + (koAb.)? + (AxkoL)? + (koAB)?1), (2)

where C is a proportionality constant, x is the susceptibility (x = «, + x_), kg = 27/
A, A is the wavelength of the probe beam, and L is the estimated overlap length of the
crossed beams within the cell. The symbols £, and &, represent the extinction ratios
for the first and second analyzer, respectively, ¢ is the ellipticity of the polarization
after the polarizer, and Ax = «x, — x_ and An = n, — n_ are the susceptibility change
and refractive index change of the anisotropic medium in the circular basis, respectively.
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Ak describes the dichroism and has a Lorentzian lineshape; An describes the birefrin-
gence and has a dispersion lineshape; ¢, is the deviation from the crossing angle of
the first analyzer; and Ab, = b — b, (the real part) and Ab; = b — b{ (the imaginary
part) describe the anisotropy of the cell windows under vacuum stress (20, 21, 30).
Since both extinction ratios have similar values between 10 * and 1077, the term
£,&> is negligible. The same is usually true for all terms containing €2 since we have
found experimentally that ¢ < 107°. The signal term can be expressed as
¢, Eo( EgAnko L), showing the heterodyning of the signal amplitude E;AnkyL and the
local oscillator amplitude ¢, E, (31). The terms A«, (Ax)?, and (An)? may lead to
asymmetry of the signal, and the remaining terms are responsible for the background.

EXPERIMENTAL DETAILS

The overtone laser is the starting point of our description of the block diagram in
Fig. 1. The output of the overtone laser was directed by several mirrors to a wedged
uncoated ZnSe beam splitter where the transmitted portion was used for the saturating
beam. The beam reflected from the front surface was used for the linear probe beam,
and the beam reflected from the back surface was directed through an acousto-optic
modulator to the IR frequency synthesizer. Even if the frequencies of the CO laser
and the OCS line did not overlap, it was sometimes possible to shift the laser to the
required frequency by placing the acousto-optic modulator (AOM ) in the laser beam
before it reached the beam splitter.

As indicated in Fig. 1, the probe beam’s polarization was rotated by =/2 by the
five-mirror variable rotator and was then focused by mirror | onto a reflecting wedged
germanium plate polarizer (23, 38). The beam was recollimated by mirror 2. This
increased the polarization purity of the beam from 2000:1 at the laser output to greater
than 650 000:1. A four-mirror polarization conserving half-wave plate (23, 39) returned
the polarization back to horizontal. The probe beam traversed the OCS cell at a small
angle with respect to the cell axis and was focused by mirror 3 onto a second reflecting
wedged germanium plate polarizer which acted as the first stage of the analyzer. Only
the component polarized perpendicular to the plane of incidence was reflected by this
L unit along the detection path. The local oscillator wave was generated by tilting the
base of this device to the offset angle ¢,. A similar one-stage analyzer can also be
found in Refs. (25, 34). These collinear signal and local oscillator beams were focused
on the Rochon analyzer by mirror 4 and mirror S focused them on the detector.

Before considering the path of the pump beam, we point out that instead of the
usual A/4 plate, we have used a two-component scheme to achieve circular polarization.
Our two-component scheme has three advantages. First, and most important, it is
possible to have some control over the degree of polarization (similar to using a Babinet
Soleil compensator); second, it is nearly wavelength-independent; and, third, the device
is purely reflective.

The path (shown in Fig. 1) of the saturating beam through our two-component
device starts where it emerges from the ZnSe beam splitter. The beam then had its
polarization rotated by a three-mirror variable polarization rotator (40) to some ar-
bitrary value, say ® (the difference between a three-mirror rotator and a five-mirror
rotator is that the latter conserves the polarization quality much better (23)). The
beam was focused by mirror 6 onto a titanium plate, which affords an adjustable angle
O of incidence relative to the incoming beam. The physics involved in the phase shift
on reflection from the titanium plate is described in (23) and is more or less simply
the physics of Fresnel reflection on a metal surface (4/). A measured polarization
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FiG. 2. Dispersion signal of the saturated P(27) transition. The center frequency is 87 117 278.496(50)
MHz and the peak to peak linewidth is about 700 kHz. The width of the scan shown here is about 45 MHz.

quality of 99.5% was achieved for the saturation beam by iterative adjustment of the
angles, ¢ and O. It is essential to have a good circular polarization quality here; oth-
erwise, the pump wave can be considered to be composed of a circular and a linear
part where dichroism can be accompanied with this linear pump wave. According to
Ref. (25), such a dichroism changes the azimuth angle of the probe beam’s linear
polarization. This, in turn, increases the Lorentzian shaped contribution to the signal
thus giving greater asymmetry to the detected dispersion signal. The saturation beam
traversed the cell at a small angle with the cell axis. The crossing angle between the
two beams was estimated to be about 1 mrad.

The elimination of stray light was tedious and is detailed in Ref. (/4). When this
was accomplished, we were able to measure three OCS transitions which had accidental
overlaps with the CO overtone laser or its AOM shifted sidebands. Some of the data
from the experiment on the P(27)A4 line of OCS at 3.4 um are shown in Figs. 2 and
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F1G. 3. Spectrum analyzer display of the time-averaged (100 scans) beatnote between the CO overtone
laser which was locked to the P(27) line and a reference from the infrared frequency synthesizer. The center
frequency is 1171.900 MHz, the video bandwidth is 30 kHz, and the sweep time is 62.56 msec.
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3. Figure 2 shows the dispersion signal which was used to lock the CO overtone laser.
The signal appears fairly symmetric.

In order to obtain a symmetric lineshape, we rotated the second analyzer (Rochon
crystal) of our two-stage system relative to the first analyzer. Offset angles of ¢, < 5°
were enough to achieve symmetric signals. Since the polarization of the probe beam
after the first analyzer is elliptical, this technique bears some resemblance to the method
employed by Delsard and Keller (26). They used a linear pump beam and a circular
probe beam, and found that it was possible to change the signal continuously from
an absorption shape to a dispersion shape simply by rotating their analyzer 45°.

Our quantitative description does not demonstrate that we can symmetrize the
signal without changing the real zero-crossing of the Lamb dip. To do this would
require the inclusion of a valid model which describes the cell windows under stress
as well as our offset angle ¢,. However, not only do the dispersion signals appear
symmetric, but also another measurement using a different technique produced a
result which agreed to within 20 kHz with our result for the same 5.3-um OCS transition
(13, 42).

Referring again to Fig. 1, the third beam from our wedged ZnSe beamsplitter was
focused by mirror 8 on the AOM, and the shifted beam was recollimated and sent to
the input of the infrared frequency synthesizer. The frequency synthesizer consists of
two CO; laser frequency standards, a microwave oscillator, a MIM diode, and a spec-
trum analyzer along with a marker oscillator. (See Ref. (2), pp. 17-21, or Refs. (3,
4, 8).) Reference (14) contains details of the latest improvements of the CO; laser
systems.

Figure 3 shows the time averaged beatnote between the locked CO overtone laser
and a reference synthesized from a combination of two CO,-stabilized laser standards.
Aside from the frequency, which is the primary goal, two features are significant. The
first is that the linewidth of the laser is about 100 kHz, which is considerably less than
the 700-kHz saturation feature. The relative phase and amplitudes of modulation of
the reference lasers were adjusted to minimize the beatnote linewidth; hence, the
linewidth here is an upper limit on that of the CO laser. The second feature (not
discernible here) is the SNR of the beatnote which was generally observed to be between
25 and 30 dB, and hence suitable for stabilizing the overtone laser to the synthesized
reference. This makes it an ideal reference for use in a heterodyne measurement to
measure the linewidth of TDLs and to use in frequency offset control in an alternate
scheme with a line-narrowed TDL (43).

Dispersion signals similar to that in Fig. 2 were obtained for two other transitions.
These measurements were made at pressures of about 1.3 Pa (10 mTorr) with an
estimated overlap pathlength of about | m in a 1.5-m-long absorption cell. The mea-
surements were all made with the same sample of gas at room temperature. No iso-
topically enriched samples (**S for example) were used in the measurements.

RESULTS AND ANALYSIS

Table I gives the three saturated-absorption frequency measurements made through
the use of this polarization spectroscopic technique. Of course, this technique is limited
to the measurement of transitions that are within the small tuning range of the CO
laser lines, or within the range of the sideband produced by the acousto-optic modulator.

The CO, laser frequencies used to calculate the observed frequencies given in Table
I were taken from a recent reanalysis of the CO, laser frequencies (44) and, for the
lines used for this work, only differ from the frequencies given by Bradley er al. (45)
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TABLE 1

The Measured Transition Frequencies for Carbonyl Sulfide

Cco OCS Transition Obs. Freq.? CO, Freq. Stds.°  Beat Freq.
Trans. (MH2) (MHz)

Py(9) PQ27) 10°1—00°0 87 117 278.496+0.050 2XR({)I+R(IDI  -1261.908
Py(B) R(14) 11Y1-01"0 87222 001.1434£0.070 2xPQ8)I+PGI -1056.507
Py(10)  P(9)¥ 10°1—00°0 87010 586.667+0.075 2xXR(28)I+PQ24)1  -412.438

2 For the CO laser designation the subscript indicates the lower state vibrational quantum
number and the number in parentheses is J".

b The OCS observed frequency is given by the sum of the CO, laser frequencies and the beat
frequency.

€ For the CO, laser designation the I indicates the 10 um band and the II indicates the
9 um band.

For the measurement of the R(14) line of the 11'1~01"0 band a microwave frequency of

10 999.988 MHz was added to the CO, laser frequencies.

€ This transition is for '*O'C*S; the other two are for "O"C*S.

by a few kilohertz. The uncertainties in the measurements were about 30 kHz for the
absolute frequencies of the synthesized references, or about 10 kHz for each of the
three CO; laser harmonics. The remaining contribution to the uncertainty was that
due to locating the line center. This depended on the ratio of asymmetry of the dis-
persion signal to the signal amplitude with an additional contribution due to the noise.

These measurements have been combined in a least-squares fit with the many other
measurements on OCS that were used in Ref. (2). In addition, some more recent FTS

TABLE 11

The Rovibrational Constants (in cm™') Used to Fit the Data

State B, D, x 10 H,x 10" L,x10"

lboﬂcns

00°0  0.202 856 740 854(398)* 4.340 677 1(1187) —0.326 19(1452)

01'0  0.203 209 834 843(1006) 4.411 511 2(1497) —0.256 97(1803)

10°1  0.201 103 238 50(5499) 5.137 499(5107)  86.768(2420)  —7.921 2(5145)°

11'1  0.201 516 185 28(6599) 4.774 825(3871)  13.797 9(8046) —0.429 90(5429)
|60|2CMS

00°0 0.197 898 035 007(3272) 4.141 187 4(6101) —0.351 71(8951)

10°1  0.196 197 685 12(10560) 5.000 256(7002)  68.962(1599)  —2.680 3(1161)

State q,%10* qu % 10" Gy X 107
leollcns
01'0  2.121 938 676(253) 1.424 123(492) 0.057 395(2118)
111 2.377 549(462) 10.916 3(2087) 3.090 4(2204)
Vib. Transition ¥
IOOIZC}IS
10°1 -00°% 2918.105 066 6(248)
11'1-01'0 2903.717 546 5(144)
lbOIZC}dS
10°1-00% 2906.045 274 8(75)

3 The estimated uncertainty (one standard deviation) in the last digits is given in
parentheses.

Y The fit of the 10°1 level of *O'™C*?S also included M, = 4.467(+0.484)x 10" cm~! and
N, = —1.110(£0.166) X 10" cm’'.
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measurements were included in the fit in such a way as to allow the heterodyne mea-

surements to determine the vibrational energy levels. The FTS measurements were

necessary to determine the values of the higher order vibrational terms, i.e., the L,

terms. Table Il shows the vibrational constants that resulted from this fit. Enough

digits are given for the constants to allow for correlation among the constants and to

ensure that the observed frequencies (actually their deviations) are correctly calculated.
The least-squares analysis made use of the term equations

E. =G, +BJUJ+ 1) =DJJJ+ 1)Y=+ HJ[JJ+1)-1*]

+ LJJUJ+ D) =P+ MIJJ+ D)= PP+ NJJJ+1)=-121° (3)
and
Vo = G’b - G: (4)
TABLE H1

Wavenumbers (cm ™) Calculated for the 10°1-00°0 Band of '*Q'2C*S

P-Branch J" R-Branch P-Branch J" R-Branch

0 2918.507 273 (49)? 2898.038 623 (32) 42 2932.195 776 (34)
2917.699 353 (50) 1 2918.905 971 {49) 2897.484 749 (33) 43 2932.444 165 (35)
2917.290 134 {49) 2 2919.301 159 {48) 2896.927 304 (34) 44 2932.688 B87 (36}
2916.877 410 (49) 3 2919.692 836 (48) 2896.366 284 (35) 45 2932.929 936 (37}
2916.461 181 (48} 4 2920.081 000 (47} 2895.801 689 (36} 46 2933.167 308 (38)
2916.041 448 (48} 5 2920.465 649 (46) 2895.233 517 {37} 47 2933.401 000 (38)
2915.618 211 (47) 6 2920.846 780 (44) 2894.661 765 (37) 48 2933.631 009 (39)
2915.191 471 (46) 7 2921.224 332 (43} 2894.086 432 {38] 49 2933.857 330 (40)
2814.761 227 {44) 8 2921.598 482 (41) 2893.507 516 (39} 50 2934.079 960 (42)
2914.327 479 (43) 9 2921.969 047 (39) 2892.925 016 (40) 51 2934.298 895 (44)
2913.890 226 (41) 10 2922.336 085 (37} 2892.338 931 (42) 52 2934.514 131 {46}
2913.449 469 (39) 11 2922.,699 591 (35) 28891.749 257 (44) 63 2934.725 666 {48)
2913.005 206 (37) 12 2923.058 564 (33) 2891.155 995 (46) 54 2934.933 496 (51)
2912.557 436 (35) 13 2923.416 000 (31) 2890.559 143 (48) 55 2935.137 617 (55)
2912.106 158 {33) 14 2923.768 895 (29) 2889.958 699 (51) 56 2935.338 027 (58)
2911.651 371 (31) 15 2924.118 246 {26) 2889.354 663 (55) 57 2935.534 721 (62)
2911.193 074 {29) 16 2924.464 049 {24) 2888.747 032 (58) 58 2935.727 697 (66)
2910.731 265 {26) 17 2924.806 301 (21} 2888.135 807 {62) 59 2935.916 952 (71}
2910.265 943 {24) 18 2925.144 996 {19} 2887.520 985 {661 60 2936.102 482 (75}
2909.797 105 {21} 19 2925.480 133 (16) 2886.902 5666 (71} 61 2936.284 285 (79)
2909.324 751 (19} 20 2925.811 705 (14) 2886.280 549 {75) 62 2936.462 357 (83)
2908.848 877 (16} 21 2926.139 710 (1) 2885.654 932 (79} 63 2936.636 695 (88)
2908.369 482 {14) 22 2926.464 142 (09) 2885.025 716 (83) 64 2936.807 297 (91)
2907.886 565 (11) 23 2926.784 998 (06) 2884.392 898 (88) 65 2936.974 159 {95)
2907.400 122 (09) 24 2927.102 273 (04) 2883.756 478 (91) 66 2937.137 279 (98)
2906.910 151 (06) 25 2927.415 963 {03) 2883.116 455 (95) 67 2937.296 65 (10}
2906.416 650 (04) 26 2927.726 062 (04) 2882.472 829 (38) 68 2937.452 28 (10)
2905.919 618 (03) 27 2928.032 568 (06) 2881.825 60 (10} 69 2937.604 16 (11)
2905.419 051 (04) 28 2928.335 475 (08) 2881.174 76 (10} 70 2937.752 28 (11)
2904.914 946 {06} 29 2928.634 778 {11) 2880.520 32 (11) 71 2937.896 64 (11)
2904.407 303 {08} 30 2928.930 474 (13) 2879.862 27 {11) 72 2938.037 25 (11)
2903.896 117 (11} 31 2929.222 557 (16) 2879.200 62 {11) 73 2938.174 10 {11)
2903.381 387 (13} 32 2929511 023 {18} 2878.535 35 (11} 74 2938.307 17 (11)
2902.863 111 {16) 33 2929.795 867 (20} 2877.866 48 11} 75 2938.436 49 (11)
2902.341 285 (18} 34 2930.077 086 {22) 2877.184 00 (1 1) 76 2938.562 03 (11)
2901.815 908 {20) 35 2930.354 674 (24} 2876.517 91 (11) 77 2938.683 81 (11)
2901.286 976 (22} 36 2930.628 628 (26} 2875.838 22 (11) 78 2938.801 81 (11}
2900.754 488 (24) 37 2930.838 942 (28) 2875.154 91 (11) 79 2938.916 03 {(11)
2900.218 442 (26) 38 2931.165 613 (30) 2874.467 99 (11) 80 2933.026 47 (11}
2899.678 B34 (28) 39 2931.428 636 (31) 2873.777 46 {11} 81 2939.133 14 (11)
2899.135 663 (30) 40 2931.688 007 (32) 2873.083 32 (11} 82 2939.236 02 (11)
2898.588 927 (31) 41 2931.943 721 (33) 2872.385 57 (11} 83 2939.335 11 (11)

3 The estimated uncertainty in the last digits (twice the standard deviation) is given in parentheses.
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TABLE 1V
Wavenumbers (cm™!) Calculated for the 11¥1-01"0 Band of '*Q'*C?S
P-Branch J" R-Branch P-Branch J" R-Branch
pee 1 2904.520 724 (28} 2883.746 229 {61) 42 2917.994 773 (61)
2902.900 922 {28) 2 2904.917 267 {27} 2883.198 259 (61) 43 2918.251 229 (61)
2902.487 570 {28) 3 2905.310 444 (26) 2882.646 898 (61} 44 2918.504 195 (62)
2902.070 859 (27) 4 2905.700 255 {25) 2882.092 144 {61} 45 2918.753 668 (62)
2901.650 790 (26) 5 2906.086 697 (23) 2881.533 995 (62) 46 2918.999 643 (62)
2801.227 363 (25) 6 2906.469 769 (21) 2880.972 448 (62) 47 2919.242 116 (62)
2900.800 579 (23) 7 2906.849 469 (19) 2880.407 503 (62) 48 2319.481 083 (62)
2900.370 440 (21) 8 2907.225795{(17) 2879.839 156 (62) 49 2919.716 541 (62)
2899.936 944 (19) 9 2907.598 746 {15) 2879.267 407 (62) 50 2919.948 484 {62)

2899.500 092 (17) 10 2907.968 319 (12) 2878.692 252 (62) 51 2920.176 909 (62)
2899.059 885 (15} 11 2908.334 512 (10} 2878.113 691 (62) 52 2920.401 811 {63}
2898.616 322 (12) 12 2308.697 323 (07} 2877.531 721 (62) 53 2920.623 188 (63}
2898.169 404 (10} 13 2909.056 749 (05} 2876.946 339 (63) 54 2920.841 033 (64)
2897.719 131 (07} 14 2909.412 789 (04) 2876.357 545 (63} 55 2921.055 344 (64)
2897.265 502 {05) 15 2909.765 440 {05) 2875.765 336 {64) 56 2921.266 116 (65)
2B96.808 517 (04) 16 2910.114 699 (08} 2875.169 711 (64) 57 2921.473 346 (66)
2B96.348 175 (05} 17 2910.460 563 (11) 2874.570 666 (651 58 2921.677 028 (67)
2895.884 477 (08} 18 2910.803 031 (14) 2873.968 201 (66} 59 2921.877 160 (68)
2895.417 421 (11) 19 2911.142 098 (17) 2873.362 313 {67) 60 2922.073 736 (69)
2894.947 007 {14) 20 2911.477 763 {20) 2872.753 000 (68) 61 2922.266 753 (70)
2894473 235 {17) 21 2911.810 021 {23) 2872.140 260 (69) 62 2922.456 207 (71)
2893.996 104 (20) 22 2912.138 871 (27) 2871.524 092 (70) 63 2922.642 094 (72)
2893.515 612 (23) 23 2912.464 309 (30) 2870.904 494 (71) 64 2922.824 410 (73)
2893.031 759 (27) 24 2912.786 332 {(33) 2870.281 463 (72) 65 2923.003 150 (75)
2892.544 544 {30) 25 2913.104 936 (36} 2869.654 998 (73) 66 2923.178 312 (76}
2892.053 866 (33) 26 2913.420 119 (39} 2869.025 097 (75) 67 2923.349 889 (77)
2891.560 024 (36) 27 2913.731 877 (41) 2868.391 757 (76) 68 2923.517 880 (78}
2891.062 716 (39) 28 2914.040 206 (44) 2867.754 978 (77) 69 2923.682 279 (B0}
2890.562 041 (41) 29 2914.345 103 (46) 2867.114 757 (78) 70 2923.843 084 (81)
2890.057 999 (44) 30 2914.646 564 (48) 2866.471 092 (80) 71 2924.000 289 (81)
2889.550 587 (46) 31 2914.944 587 (50) 2865.823 982 (B1) 72 2924,153 890 (82)
2889.039 804 (48} 32 2915.239 166 (52} 2865.173 424 (81) 73 2924.303 885 (83)
2888.525 648 {50} 33 2915.530 299 (54) 2864.519 418 (82} 74 2924.450 269 (83)
2888.008 119 {52} 34 2915.817 982 (55) 2863.861 960 {83} 75 2924.593 037 (84)
2887.487 215 {54) 35 2916.102 211 (57) 2863.201 049 {83} 76 2924.732 186 (84)
2886.962 933 (55) 36 2916.382 982 (58} 2862.536 684 {84) 77 2924.867 712 (86)
2886.435 272 {(57) 37 2916.660 291 (59} 2861.868 861 (84) 78 2924.999 610 (88)
2885.904 232 (58) 38 2916.934 134 (60) 2861.197 580 {86} 79 2925.127 878 (92)
2885.369 809 (59} 39 2917.204 508 (60) 2860.522 839 (88} 80 2925.252 509 (99)
2884.832 002 {60) 40 2917.471 408 (61) 2859.844 635 (92) 81 292537350 (11}
2884.290 809 (60) 41 2917.734 832 (61) 2869.162 967 {99) 82 2925.490 85 (13)

425

2 The estimated uncertainty in the last digits (twice the standard deviation) is given in parentheses.

In addition, for the / = 1 states, the /-doubling was taken into account by adding the
terms

(5)

where the upper sign (+) was used for the flevels and the lower sign (—) was used
for the ¢ levels.

As discussed by Maki er al. (46), there is a weak resonance between the 10°1 and
04°1 states and a similar resonance between the 11'1 and 05'1 states. This resonance
has been investigated in more detail by Fayt (47, 48). It causes the effective values of
the H,, L., M,, and N, terms to be much larger than in the ground state; consequently,
it was necessary to include those constants in the least-squares fits. Although it is
surprising that an N, term should be so large that it is needed to fit the data, the value
that we find for the 10°1 state is not as large as that predicted by Favt et al. (49) from
their analysis.

+[q.J(J + 1) = g J*(J + D* + (T + 1)°]
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TABLE V

Wavenumbers (cm™") Calculated for the 10°1-00° Band of '¢O'2C*'s

P-Branch J" R-Branch P-Branch J" R-Branch

0 2906.437 670 {15)2 2886.483 94 (10} 42 2918.807 87 (10)
2905.649 479 {15} 1 2906.826 663 (14) 2885.944 16 (10) 43 2920.050 78 (10)
2905.250 283 {15) 2 2907.212 253 (13) 2885.400 90 (10} 44 2920.290 12 (10}
2904.847 689 (14) 3 2907.594 438 (11} 2884.854 15 (10) 45 2920.525 874 {99}
23904.441 696 (13) 4 2907.973 216 ( 9) 2884.303 90 (10) 46 2920.758 040 (99)
2904.032 305 (11) 5 2808.348 586 (7) 2883.750 170 (99) 47 2920.986 614 (38)
2903.619 516 ( 9) 6 2908.720 544 (5} 2883.192 940 (99) 48 23921.211 593 (98)
2903.203 329 ( 7} 7 290%.089 089 ( 4) 2882.632 214 (98) 49 2921.432 972 (97)
2902.783 745 ( 5) 8 2909.454 218 (5) 2882.067 989 (98) 50 2921.650 749 (97)
2902.360 761 ( 4) 9 2909.815 928( 8} 2881.500 263 (97) 51 2921.864 319 (96)
2901.934 379 (5} 10 2910.174 217 {12) 2880.929 034 {97} 52 29822.075 479 (96)
2801.504 537 {8} 11 2910.529 080 {16} 2880.354 301 (96} 53 2922.282 426 ({96}
2901.071 414 {12} 12 2910.880 516 {20} 2879.776 063 {96) 54 2922.485 756 (95)
2900.634 829 {16) 13 2911.228 519 (25) 2879.194 318 {96) 55 2922.685 467 (95)
2900.194 840 {20) 14 2911.573 087 (29} 2878.609 065 (95) 56 2922.881 555 (94)
2899.751 447 {25) 15 2911.914 216 (34) 2878.020 302 (95) 57 2923.074 018 (93)
2899.304 647 (2%) 16 2912.251 802 (39) 2877.428 030 (94) 58 2923.262 853 (93)
2898.854 438 (34) 17 2912.586 141 (44) 2876.832 247 (93) 59 2923.448 058 (92)
2898.400 820 (39) 18 2912.916 928 (48) 2876.232 953 (93) 60 2923.629 630 (91)
2897.943 789 (44) 19 2913.244 259 {53) 2875.630 147 (92) 61 2923.807 567 (91)
2897.483 343 (48) 20 2913.568 130 {58) 2875.023 828 (91) 62 2923.981 867 (90)
2897.019 480 (53) 21 2913.888 536 {62} 2874.413 997 (91) 63 2924.152 528 (90)
2886.552 197 (58} 22 2914.205 472 (67} 2873.800 653 (30} 64 2924.313 546 (31)
2896.081 492 {62) 23 2914.518 934 (71} 2873.183 796 {30} 65 2924.482 922 (92)
2895.607 363 (67} 24 2914.828 917 (75} 2872.563 426 {91} 66 2924.642 652 (94)
2895.129 805 (71) 25 2915.135 415 (79} 2871.939 543 (92} 67 2924.798 734 (96)
2894.648 817 (75} 26 2915.438 424 (83) 2871.312 147 (94) 68 2924.951 17 (10)
2894.164 396 (79) 27 2915.737 939 (86) 2870.681 238 (96) 69 2925.099 95 (10)
2893.676 538 (83) 28 2916.033 955 (89) 2870.046 816 (99) 70 2925.24508 {11)
2893.185 240 (86) 29 2916.326 466 (91) 2869.408 88 (10} 71 2925.386 55 (11)
2892.690 500 (89) 30 2916.615 467 {94) 2868.767 43 {11) 72 2925524 37 (12)
2892.192 314 (91) 31 2916.900 954 {96) 2868.122 47 (11) 73 2925658 52 {12)
2891.690 679 (94) 32 2917.182 921 (98) 2867.474 00 12} 74 2925.789 01 (13)
2891.185 592 (96) 33 2917.461 362 {99} 2866.822 01 (12} 75 2925.915 84 (13}
2890.677 049 (98) 34 2917.736 27 (10} 2866.166 51 (13) 76 2926.039 00 (13)
2890.165 048 (99) 35 2918.007 65 {10) 2865.507 49 (13) 77 2926.158 49 (13}
2889.649 59 (10) 36 2918.275 48 {(10) 2864.844 96 (13) 78 2926.274 30 (13)
2889.130 66 (10) 37 2918.539 77 {10) 2864.178 91 {13) 79 2926.386 43 (13)
2888.608 26 (10) 38 2918.800 51 {10) 2863.509 34 (13) 80 2926.494 88 (14)
2888.082 40 {10) 39 2919.057 70 {10} 2862.836 25 {13) 81 2926.599 64 {14)
2887.553 06 {10} 40 2919.311 32 {10} 2862.159 63 (14} 82 2926.700 70 (16)
2887.020 24 (10} 41 2919.561 38 (10) 2861.479 50 {14} 83 2926.798 07 (18)

3 The estimated uncertainty in the last digits {twice the standard deviation) is given in parentheses.

The new constants are not very different from the previously determined constants
(2, 46, 49) because the one accurate heterodyne measurement for each vibrational
transition does not change any one constant by very much, but rather changes all the
constants by a small amount. However, those new constants, with the new variance-
covariance matrix elements, can now be used to calculate more reliable transition
frequencies and their uncertainties.

Tables 111, 1V, and V give new tables of OCS absorption line wavenumbers that
can be used for calibration. Even though the tabile lists uncertainties that are twice the
standard deviation, experience has shown us that they should be treated as if they
were a single standard deviation. It would not be unusual if subsequent measurements
of the high-J transitions changed the numbers by two or three times the uncertainty
given in the table. In order to further improve the reliability of the calibration numbers
for these bands, it would be useful to make at least one more sub-Doppler frequency
measurement for these bands at J values that differ from the present measurements
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by at least 15 units. Until more sub-Doppler measurements are made, the calculated
wavenumbers for transitions with J values more than 10 units from the measured J
values should be treated with skepticism.

In the least-squares fit for the most abundant isotopic species over 5700 transitions
were included although many of those transitions did not involve either the upper or
lower state of the transitions measured in this work. For the OC*S species, far fewer
frequency measurements have been made, but again, all the data used in Refs. (2, 46)
were included in the present fit along with some more recent FTS measurements.
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